Reverse salt flux (RSF) of ions from the draw solution (DS) to the feed is a major drawback of forward osmosis (FO). RSF is reduced when divalent ion salts such as MgCl 2 and MgSO 4 that have larger hydrated radius are used instead of salts with monovalent ions only (e.g., NaCl). However, using divalent ion DSs comes with a cost -namely lower water flux compared to NaCl DS at similar osmotic pressures. The objective of this study was to enhance FO by lowering RSF while maintaining high water flux by adding low concentrations of divalent ions or organic ions to NaCl DS. We have demonstrated that water flux was similar for pure NaCl DS and mixed salts DS having low concentrations of divalent or organic ions at the same osmotic pressure of pure NaCl DS. Simultaneously, the average RSF was lower for all mixed salts DSs tested compared to pure NaCl DS. Results from a student t-test comparing the average RSF of the mixed salts DSs to the pure NaCl DS revealed that although the average RSF was lower for all the mixed DSs tested, only the mixed salts DS containing MgCl 2 had RSF significantly lower than the pure NaCl DS.
Introduction
Osmosis or forward osmosis (FO) is a membrane separation technology that utilizes highly selective semipermeable membranes to extract water from a feed stream to a highly concentrated draw solution (DS) [1] [2] [3] [4] . The driving force for mass transport in FO is the osmotic pressure difference between the low salinity feed and high salinity DS. The distinct advantage of FO over reverse osmosis (RO) and nanofiltration (NF) is that the system is operated at low hydraulic pressures, which reduces the fouling tendency of FO, even when treating impaired streams with very high fouling potential [5] [6] [7] [8] [9] . FO has been tested at bench-, pilot-, and full-scale for treatment of different impaired streams including municipal wastewater effluents [7] , activated sludge [6, [10] [11] [12] [13] , digester centrate [9] , and produced water from oil and gas exploration [5, 8] .
The semipermeable membranes used in FO, typically cellulose triacetate (CTA) or thin film composite (TFC) polyamide membranes, allow water to diffuse across the membrane from the feed to the DS relatively freely while retaining most dissolved ions and organic compounds [7, [14] [15] [16] [17] [18] . Although FO membranes limit the diffusion of ions, solutes still diffuse at a slow rate through the membrane from the DS to the feed due to the high concentration difference of ions between the two streams. This phenomenon is known as reverse solute flux (RSF) [15, [19] [20] [21] [22] , and is undesired in FO applications because salt accumulation in the feed stream reduces the driving force for water flux (osmotic pressure difference), increases the cost of operation, and requires that the DS solutes be continuously replenished in closed-loop DS applications [10, 11, [23] [24] [25] .
The rate at which solutes diffuse across a semipermeable membrane is a function of the salt permeability (B) and thickness (t) of the membrane active layer, the porosity (ε) and tortuosity (τ) of the membrane support layer, the concentration difference between the feed (C F,b ) and DS (C D,b ), and the diffusivity coefficient (D) of the solutes in solution [26] . Yip et al. [27] derived the RSF (J S ) equation (Eq. (1)) as a function of these parameters including the feed side boundary layer mass transfer coefficient (k): dilution of the DS in the support layer and reduces the driving force for water flux [26] . The detrimental effect of ICP on water flux in FO is further exacerbated when solutes with low diffusivities such as magnesium, calcium, sulfate, and certain organic salts are used in the DS. Thus, the RSF can be favorably lower and the water flux unfavorably lower when using inorganic and organic DSs such as magnesium chloride (MgCl 2 ), magnesium sulfate (MgSO 4 ), and trisodium citrate compared to sodium chloride (NaCl) at the same osmotic pressures because of the lower diffusivity of the divalent and organic salts through the membrane active and support layers [15, 23, 24] .
An ideal DS produces high water fluxes like those induced by NaCl and low RSFs like those observed when divalent inorganic and organic salts are used at common DS concentrations. Results described by Coday et al. [19] may provide insight into the potential of using DSs containing a mix of NaCl and divalent salts to take advantage of the high water flux associated with NaCl and low RSF associated with divalent DSs. It was demonstrated in their study that when synthetic seawater with low concentrations of divalent ions was used as a DS, the RSF of sodium across CTA and TFC membranes was reduced by 55% and 22%, respectively, and the RSF of chloride reduced by 25% and 27%, respectively, compared to a DS containing only NaCl. Intriguingly, the water flux was equal for both draw solutions in experiments conducted with the TFC membrane and only slightly declined with the CTA membrane when seawater (a mixture of salts) DS was used instead of NaCl DS.
The reason for the reduced RSF and relatively constant water flux using seawater as a DS compared to NaCl was not explained by Coday et al.; however, there have been several studies on coupled solute flux in FO [15, 20, 21, 25] and preliminary modeling on the hindered transport of monovalent ions for mixed salt solutions [29] that provide insight into the mechanisms behind these results. Hancock et al. [15, 20] and Phillip et al. [25] examined the coupled transport of ions across FO membranes between the feed stream and the DS using an array of solutes in each stream. The findings from these studies demonstrated that negatively and positively charged ions diffuse through the membrane at equal molar rates (or equivalents for divalent salts coupled with monovalent salts) to maintain electroneutrality in the system. Although both Hancock et al. [20] and Phillip et al. [25] concluded that the driving force for ion transport is governed by solution diffusion mechanisms and not electrostatic interactions (such as Donnan potential or ion exchange), their publications established that the transport of oppositely charged ions is affected by the diffusivity and mobility of the counter ion. For example, the more diffusive chloride ion essentially "drags" the less diffusive sodium ion across the membrane from the DS to the feed to maintain the electroneutrality in the system [25] . Conversely, magnesium in solution with chloride limits the transport of chloride across the membrane because magnesium has a much lower diffusivity compared to sodium or chloride in the membrane, thereby retarding the diffusion of chloride across the membrane to maintain electroneutrality. Recent studies have also shown that sodium and chloride diffuse across the membrane but transport of individual ions of certain charge is higher due to attraction to charged functional groups on the FO membrane active layer. It was demonstrated by Lu et al. [30] that the RSF of cations increased with increasing membrane electronegativity. Although membrane charge is not the primary focus of this study, it is important to understand that diffusion across FO membranes depends on both the charge of the ions in solution and the membrane used for separation.
In a transport modeling effort, Yaroshchuk et al. [29] included electrostatic interactions to the solution-diffusion model to determine if the diffusion of small monovalent ions would be hindered in the presence of divalent ions that are well rejected by the membrane. Results from the modeling effort illustrated that solute flux of sodium and chloride could be hindered in the presence of minor concentrations of divalent ions due to spontaneously arising electric fields. These fields form as a result of a charge imbalance that occurs as the more diffusive monovalent ions diffuse across the membrane at a higher rate than the well-rejected divalent ions. However, it must be noted that this model was tailored for NF membranes that have a lower selectivity to sodium and chloride than to divalent ions, as opposed to FO membranes that exhibit high rejection of both monovalent and divalent ions. The difference in membrane selectivity to ions of different molecular sizes and charge is necessary for an electrical potential (Donnan potential) to develop that hinders the transport of ions through the membrane, which otherwise will freely diffuse. Thus, Donnan effects may not play an important role in ion mobility when highly selective FO membranes are used for separation. Other effects that must be considered as potential reasons for changes in sodium and chloride reverse flux in the presence of divalent ions have been described in the NF literature. These include adsorption of divalent cations to negatively charged polymeric membranes and charge shielding of the membrane due to the adsorption of the cations [31] .
Though the mechanism for reduced sodium and chloride flux is complicated by ion-ion interactions and ion-membrane interactions, there is compelling empirical evidence presented in previous studies [19] that the diffusion of chloride and sodium is hindered when NaCl DS is mixed with minor concentrations of divalent ions. Thus, the main objective of the current study was to methodically determine the flux reduction of sodium and chloride through FO membranes while maintaining high FO process performance (high water flux) when small amounts of divalent inorganic and organic ions are added to an NaCl DS.
Material and methods
A series of bench-scale experiments were conducted to evaluate the water flux and RSF in FO when using DSs containing a mix of NaCl as the major solute and MgCl 2 , MgSO 4 , sodium acetate (NaACE), or trisodium citrate (NaCIT) as the minor solute. All mixed salts DS experiments were conducted at osmotic pressures equivalent to 0.5 M NaCl (23 bar) and 1 M NaCl (48 bar). Single salts (NaCl, MgCl 2 , MgSO 4 , sodium acetate, and trisodium citrate) were also tested as DSs at an osmotic pressure of 23 bar to compare the water flux and RSF of single salts to that of the mixed salts DSs.
Bench-scale apparatus
Single and mixed salts DS experiments were conducted under the same hydraulic conditions and at a constant DS concentration using an automated bench-scale apparatus. The apparatus is comprised of a 4-L feed reservoir and a 4-L DS reservoir, two variable speed gear pumps (Cole-Parmer, Vernon Hills, IL), feed and DS flow meters, feed and DS heat exchangers, a chiller (Fisher Scientific, Waltham, MA), a cross-flow membrane cell, concentrated DS dosing pump (Anko, Bradenton, FL), an online DS conductivity probe (Cole-Parmer, Vernon Hills, IL), and an analytical balance (Denver Instrument, Bohemia, NY). The feed reservoir was placed on the analytical balance to measure changes in water weight as water diffused across the membrane from the feed to the DS. The recorded weight and membrane area (138 cm 2 ) were used to calculate the water flux. A detailed schematic drawing of the bench-scale apparatus is shown in Fig. 1 .
The DS was continuously mixed using a magnetic stir bar and was maintained at a constant concentration using a peristaltic pump that dosed a doubly concentrated DS into the DS reservoir based on changes in the DS conductivity. The dosing pump was controlled using readings from the online conductivity probe connected to a programmable logic controller (UE9-Pro, LabJack Corp., Lakewood, CO) and a data acquisition and instrument control software (Lab-VIEW, National Instruments Corp., Austin, TX).
The feed and DS were continuously recirculated through the cross-flow FO membrane cell at a flow rate of 2 L/min and 1.2 L/min, respectively, and pressures of 0.4 bar (6 psi) and 0.28 bar (4 psi), respectively. The feed flow rate was selected to maintain a cross-flow velocity of 0.25 m/s in the feed channel per the standard methods for bench-scale FO testing [32] . The DS flow rate was set to maintain a slightly lower pressure (0.07-0.14 bar/1-2 psi) in the DS channel than the feed to ensure that the FO membrane was not pushed into the spacer-free feed channel.
Experimental procedure
At the beginning of each experiment the feed reservoir was filled with 3 L of deionized water and the DS reservoir was filled with 1 L of premixed DS. The feed solution was dosed with 100 mg of ACS grade NaCl (approximately 33 mg/L) to guarantee that all feed samples were well within the detection limit of the analytical instruments used to measure individual ion concentrations in the feed and DS. The pH of the DS was adjusted to 7 using hydrochloric acid (HCl) or sodium hydroxide (NaOH) prior to each experiment. The pH of the DS was measured periodically during testing and adjusted as necessary to maintain it at 7. The pH of the deionized water feed was measured before and after each DS experiment. The bench-scale system was operated for 30 min with the feed and DS continuously recirculated through the symmetric cross-flow membrane cell and heat exchangers to ensure that the system was operating at constant water flux and temperature (20 1C) before the first samples were collected from the feed and DS reservoirs for analysis. The reservoirs were sampled again at the end of each experiment (90 min after the first sample); thus, each experiment was conducted for a total of 2 h.
Water flux was measured during all mixed salts DS experiments with DSs having osmotic pressures of 23 bar or 48 bar while water flux during single salt experiments, excluding NaCl, was only measured with DS having an osmotic pressure of 23 bar. The water flux for single salt DSs was not measured with DS having an osmotic pressure of 48 bar because the concentration of MgSO 4 needed for the DS dosing solution (431 g/L) exceeded the solubility limit (255 g/L) under the experimental conditions, and because of the high viscosity and difficulty to dissolve some of the other salts tested. The NaCl and mixed salts DS experiments conducted with a DS having an osmotic pressure of 48 bar were repeated four times with different membrane coupons to validate the accuracy of the results. The integrity of the membrane was assessed at the beginning of each experiment using an NaCl DS to confirm that the water flux and RSF were in a reasonable range for the TFC membrane used for testing. Experiments were conducted only once at the osmotic pressure of 23 bar to evaluate if trends in mixed salts DS performance were similar to those observed for tests conducted at the higher osmotic pressure.
Draw solution chemistry
All experiments were conducted with ACS grade single salts (NaCl, MgCl 2 (H 2 O) 6 , MgSO 4 (H 2 O) 7 , sodium acetate trihydrate, and trisodium citrate dihydrate) and mixed salts DSs using NaCl as the major solute and MgCl 2 , MgSO 4 , sodium acetate, or trisodium citrate as minor solutes. The concentration of single salt DSs (MgCl 2 , MgSO 4 , sodium acetate, and trisodium citrate) used for testing was determined based on the equivalent osmotic pressure of a 0.5 M NaCl solution (23 bar). The osmotic pressure was calculated using OLI aqueous solution software (OLI, Cedar Knolls, NJ). Mixed salts DS experiments were evaluated at osmotic pressures equivalent to 0.5 M NaCl and 1.0 M NaCl (48 bar). For each osmotic pressure, the minor solute was added to an NaCl DS at concentrations equivalent to 5% and 10% of the total osmotic pressure. The concentration of each salt tested for the single salt and mixed salts DSs are summarized in Tables 1 and 2, respectively.
An additional experiment with MgCl 2 DS over a full-range of mixed salts DS concentrations was conducted to evaluate the reverse flux of magnesium, sodium, and chloride at increasing concentrations of MgCl 2 . The experiments were conducted at DS osmotic pressures equivalent to 23 bar and 48 bar; MgCl 2 was added to the NaCl DS at concentrations equivalent to 5%, 10%, 25%, 50%, 75%, and 100% of the total osmotic pressure. The concentrations of the salts used for the MgCl 2 experiment are summarized in Table 3 . 
FO membranes
A TFC polyamide FO membrane from Hydration Technology Innovations (HTI, Albany, OR) was used for all experiments, and was installed with the active layer of the membrane facing the feed solution. The TFC membrane is relatively new to the FO membrane industry but has demonstrated to have higher solute selectivity and water permeability compared to the CTA membrane commonly used in FO applications [33] .
Analytical procedures
Feed and DS samples collected during the experiments were analyzed for anions using ion chromatography (IC) (DC80, Dionex, Sunnyvale, CA) and for cations using an inductively coupled plasma (ICP) spectroscopy (Optima 3000, Perkin-Elmer, Norwalk, CT). Feed and DS samples from experiments conducted with organic salts (sodium citrate and sodium acetate) were analyzed for total organic carbon (TOC) concentrations using a carbon analyzer (Sievers, GE Analytical Instruments, Boulder, CO). Except for the sulfate concentration in the deionized water feed that was near or below the detection limit (1 mg/L) of the ion chromatograph, the measured concentrations of all other cations, anions, and organic ions of concern in the feed and DS samples were above the lower detection limit and below the upper detection limit of the instruments used in this study.
Results and discussion
Mixed and single salt DSs were evaluated for general trends in water flux and RSF as well as statistical differences in the average RSF and specific reverse salt flux (ratio between reverse salt flux and forward water flux). Results were further evaluated to elucidate if the mechanisms controlling RSF (i.e., solution diffusion, coupled transport to support electroneutrality, and electrostatic interactions) adequately describe the observed differences in RSF for mixed salts DSs and NaCl DS.
Water flux
Water flux as a function of DS composition for single and mixed salts DS experiments conducted with DS osmotic pressures of 48 bar and 23 bar are shown in Fig. 2 . The average water flux for the mixed salts DSs was very similar to the average water flux for the NaCl only DS (dashed line) for all experiments conducted at 48 bar osmotic pressure equivalent, except for 5% MgSO 4 and 10% MgSO 4 , which had a slightly lower average water flux than that of the other tested DSs. However, the standard error (standard deviation divided by the square root of n samples) of water flux for the MgSO 4 mixed salts DSs was well within the standard error of all DSs tested. The relatively high standard error in water flux for all DSs evaluated at 48 bar is very likely due to variation between different TFC membrane coupons. The difference in the performance between membrane coupons is evident as the water flux was within 10% for all DSs tested on an individual coupon while water flux varied by as much as 30% under the same operating conditions and DS concentrations between different coupons.
Similar to experiments conducted with DSs having an osmotic pressure of 48 bar, the water flux for all mixed salts DSs evaluated at an osmotic pressure of 23 bar was nearly identical to the water flux of the NaCl only DS (dashed red line). However, the water flux for three single salts (MgCl 2 , MgSO 4 , and trisodium citrate) was substantially lower than that of the NaCl DS at the same osmotic pressure. Similar results have been obtained by Achilli et al. [24] and Hancock et al. [15] testing single salts, and can be explained by the modified water flux (J W ) equations derived by Yip et al. [27] , which includes the effect of internal ICP:
where A is the water permeability coefficient of the membrane, π D, b is the osmotic pressure of the bulk DS, π F,b is the osmotic [28, 34] . The trend in the observed water flux for the single salt DSs closely follows that of the diffusion coefficient for each solute, with MgSO 4 and trisodium citrate having the lowest water flux and smallest diffusion coefficients and NaCl and sodium acetate having the highest water flux and diffusion coefficients. To further illustrate the trend in increasing water flux with increasing diffusion coefficient of the DS solute, water flux and the diffusion coefficient of each pure DS tested are shown in Fig. 3 . The lower measured water flux of the single salts compared to NaCl is not unexpected; however, it is interesting that the water flux did not change for the mixed salts DS experiments conducted at DS osmotic pressures of 48 bar and 23 bar compared to pure NaCl DS. There is limited data in the literature for the diffusion of mixed electrolyte solutions except for NaCl and MgCl 2 for which there have been several studies on the diffusivity of these solutes at various mixed molar concentrations [35, 36] . Mathews et al. [35] demonstrated that the diffusivity for NaCl decreased at increasing molar concentration in a mixed electrolyte solution in which MgCl 2 was the major solute. However, for a mixed electrolyte solution with NaCl as the major salt and MgCl 2 as the minor salt, the diffusivity for NaCl was virtually constant and the diffusivity for MgCl 2 decreased with increasing molar concentration [36] . Because the diffusivity of NaCl is similar in the mixed and NaCl only DS experiments, the effect of ICP in the porous support layer and the measured water flux for all mixed salts DSs is very similar to the NaCl DS at the same osmotic pressure.
Reverse and specific reverse salt flux
The RSF of all evaluated single salt and mixed salts DSs having an osmotic pressure of 48 bar was repeated four times with a different coupon for each test and experiments with DSs having an osmotic pressure of 23 bar were conducted only once. The total RSF of all major ions diffusing from the DS to the feed was calculated on a molar basis for DS experiments conducted with DSs having osmotic pressures of 48 bar and 23 bar, and are shown in Fig. 4 .
The average total RSF for all evaluated single and mixed salts DSs was less than that of the NaCl DS at the same DS osmotic pressure. In general, the average total RSF for mixed salts DSs tested at 10% of the total osmotic pressure was lower than the RSF of the 5% mixtures except for MgSO 4 at DS total osmotic pressures of 23 bar and 48 bar and sodium acetate at DS a total osmotic pressure of 23 bar. The RSF for the mixed DSs tested with a DS having an osmotic pressure of 23 bar is somewhat inconsistent-illustrated by the fact that some mixed salts DSs tested at 5% of the total osmotic pressure exhibited lower RSF than the same mixed salts DSs evaluated at 10% of the total osmotic pressure. Although there were a few observations that were outside the general trend; overall, it appears that the mixed salts DSs did reduce the RSF compared to a pure NaCl DS.
The variability (wide standard error) in RSF data for the experiments conducted at an osmotic pressure of 48 bar may be attributed to the relatively small sample size (n¼4) as well as differences in the physical and chemical properties of the four TFC membrane coupons tested. Although it is difficult to draw conclusions from small sample sets (no20), a student t-test was conducted between the average total RSF of each group of mixed salts DSs (MgCl 2 , MgSO 4 , sodium acetate, and trisodium citrate) at 5% and 10% of the total osmotic pressure and the average total RSF of an NaCl DS with an alpha level equal to 0.05. for experimental results obtained with a DS having an osmotic pressure of 48 bar because there are multiple results (n¼4) that can be used to compute the p-values. There was a significant difference (p¼0.02) between the mean RSF of 10% MgCl 2 and NaCl DSs. There was no statistical significant difference between p¼ 0.17 (5% MgSO 4 ) and p¼0.51 (5% sodium acetate) for the other mixed salts DSs compared to NaCl. However, of the 40 mixed salts DS experiments conducted with DSs having an osmotic pressure of 48 bar and 23 bar, there were only two occasions (5% MgSO 4 and 5% sodium acetate at an osmotic pressure of 48 bar) in which the measured RSF was higher for a mixed salts DS compared to a DS containing only NaCl, indicating that there was a positive effect (lower RSF) using the mixed salts DSs compared to NaCl. Although the standard error for the water flux and RSF is relatively high for experiments conducted with DS having osmotic pressure of 48 bar, the initial results from both mixed salts DS experiments conducted at 48 bar and 23 bar osmotic pressure illustrate that the water flux is maintained and the RSF can be reduced when using NaCl DSs mixed with ions with lower diffusivities. A common way to evaluate the performance of DSs in FO is to calculate the specific RSF (J s /J w ), defined as the RSF (J s ) normalized by the forward water flux (J w ). The specific RSF is an informative FO parameter because it provides a quantitative measure of the mass of solutes lost from the DS per volume of water recovered from the feed. The specific RSF for the mixed salts DSs having osmotic pressures of 48 bar and 23 bar are illustrated in Fig. 5 . The specific RSF for the single salt DSs experiments are also shown in Fig. 5 .
Similar to the water flux and RSF results, the average specific RSF for all mixed salts DSs and single salt experiments was lower than that of the NaCl DS at similar DS osmotic pressure. Additionally, the average specific RSF decreased between mixed salts DS experiments with the minor solute contributing up to 5% and 10% of the total osmotic pressure with the only exception being for 5% and 10% MgSO 4 and 5% and 10% sodium acetate for experiments conducted with a DS having an osmotic pressure of 23 bar. The lowest specific RSF was observed for the single salt DSs due to the low diffusivity of the divalent ions and organic salts in solution. Specific RSF had the lowest value for the single salt test evaluated with MgSO 4 because magnesium and sulfate diffuse slowly through the membrane due to the large molecular and hydrated sizes and charge of both divalent ions.
A student t-test was conducted for the mixed salts DSs and NaCl only DS conducted at an osmotic pressure of 48 bar to evaluate if there was a significant difference between the average specific RSF for each mixed salts DS compared to NaCl (alpha level¼ 0.05). Similar to the RSF results, there was a statistically significant difference between NaCl and 10% MgCl 2 (p¼ 0.04). There was not a statistically significant difference between the average specific RSF for all other evaluated mixed salts DSs compared to NaCl. It is intriguing that the addition of MgCl 2 as a small contribution to the total osmotic pressure is the only minor solute tested that has a significant effect on the total average RSF and specific RSF. There are only two very simple reasons that the total RSF is lower for the mixed MgCl 2 experiments compared to the other mixed salts DSs tested. First, the reverse sodium and chloride flux was the same for all mixed salts DSs, but RSF of the minor ions was greater for the mixed salts DSs not containing MgCl 2 ; thereby, increasing the total RSF. Second, reverse sodium and chloride flux was reduced to a greater extent with the addition of MgCl 2 to the NaCl DS compared to the other mixed salts DSs tested. To elucidate if there was a larger contribution of minor solutes to the total RSF for the mixed salts DSs containing MgSO 4 , sodium acetate, and trisodium citrate compared to MgCl 2 , the average RSF for the individual multivalent ions and organic compounds tested in the mixed salts DS experiments were calculated and are summarized in Table 4 .
The RSF for the individual multivalent ions and organic compounds tested was similar for all mixed salts DSs and provided very little to the total RSF. On average, the RSF of the minor ions (Mg 2 þ , SO 2 À 4 , acetate, and citrate) contributed less than 1% to the total RSF. Therefore, any substantial reductions in RSF with the addition of MgCl 2 to the majority NaCl DS was due to changes in the sodium and chloride reverse flux. The sodium and chloride flux for the NaCl only DS and mixed salts DSs having an osmotic pressure of 48 bar are shown in Fig. 6 .
The average sodium and chloride flux was lowest (o25 mmol/m 2 h) for the experiment conducted with MgCl 2 making up 10% of the osmotic pressure, considerably lower than the sodium and chloride reverse flux for the NaCl only DS (sodium flux 435 mmol/m 2 h and chloride flux 430 mmol/m 2 h). The average sodium flux was noticeably higher than the average chloride flux for the experiments conducted with the pure NaCl DS. Other researchers have also noted higher sodium flux than chloride flux when investigating transport across TFC membranes [19] . This difference has been associated with the positively charged sodium ion being attracted to the negatively charged carboxyl groups on the active layer of the TFC membrane. In studies that have observed sodium diffusing across the membrane at a higher rate than chloride, ion electroneutrality has been shown to be maintained by the coupled diffusion of sodium with another positively charged ion diffusing in the opposite direction [30] . In the current study, electroneutrality was likely maintained by the coupled diffusion of H þ from the feed to the DS as sodium diffused from the DS to the feed. In general, the pH of the feed increased by 0.5 for each single salt and mixed salts DS tested, indicating that H þ very likely diffused from the feed to the DS. Although the rate of sodium flux across the membrane was likely higher than chloride, in the current study no statistically significant difference could be calculated for the data presented in Fig. 6 , and therefore will be described as diffusing across the membrane at approximately equal molar ratios. As discussed above, Hancock et al. [15] and Phillip et al. [25] demonstrated that although chloride has a higher diffusivity than sodium, these two counter ions diffuse across the membrane at equal molar ratios to maintain the electroneutrality of the system. Thus, the more diffusive chloride ion crosses the membrane and essentially "drags" the sodium ion along, thereby maintaining electroneutrality. Because sodium and chloride diffuse across the membrane at equal molar ratios, there must be a mechanism in which MgCl 2 in solution with NaCl hinders the diffusion of sodium or chloride to reduce the reverse flux of these two counter ions.
Though electroneutrality has been used to explain the diffusion of sodium and chloride at equal molar ratios, it has been hypothesized that the diffusion of solutes across the membrane is not driven by a difference in electrical potential (such as Donnan effects) across the membrane, but exclusively governed by solution-diffusion mechanisms in which ions diffuse across the membrane as a function of the concentration gradient of the individual ions between the DS and the feed [20] . This hypothesis appears to be valid in systems containing only two ions in the DS, as was tested by Hancock et al. [15] and Phillip et al. [25] ; but in the current study the concentration of chloride increased as more MgCl 2 was added to the NaCl DS and the concentration of sodium increased as more trisodium citrate was added to the NaCl DS. The lowest concentration of sodium and chloride in the DS was for the experiment conducted with 10% MgSO 4 when sodium and chloride were replaced with magnesium and sulfate at increasing MgSO 4 concentrations. If the diffusion of ions across the membrane was strictly governed by the concentration gradient, it would be expected that adding MgSO 4 would have the largest effect on reducing the reverse diffusion of sodium and chloride across the membrane; this was not the case in the current study.
From the reverse sodium and chloride flux results presented in Fig. 6 it is probable that sodium and chloride flux is limited by other mechanisms besides differences in concentration for mixed salts DSs. Therefore, there must be other interactions (such as electrostatic interactions, Hofmeister effects, and charge shielding) between individual ions or between ions and the membrane surface that have a significant impact on the transport of sodium and chloride across the membrane and lowering the average RSF. It may be that the lower mobility of magnesium compared to sodium and chloride hinder the diffusion of sodium and chloride as a result of electrostatic interactions or other phenomena such as differences in the diffusion coefficient for mixed electrolyte solutions [35, 36] , Hofmeister effects 10% MgCl2 5% MgSO4 10% MgSO4 5% NaACE 10% NaACE 5% NaCIT 10% NaCIT NaCl 5% MgCl2 10% MgCl2 100% MgCl2 5% MgSO4 10% MgSO4 100% MgSO4 5% NaACE 10% NaACE 100% NaACE 5% NaCIT 10% NaCIT 100% NaCIT J s /J w , mmol/L Fig. 5 . Specific RSF (J s /J w ) for mixed salts DS experiments conducted with DS having osmotic pressures of (a) 48 bar (n ¼4) and (b) at 23 bar (n ¼1). Solute flux includes all inorganic ions and organic compounds that diffused from the DS to feed for each single and mixed salts DS experiment.
Table 4
Average RSF of individual multivalent ions and organic compounds for mixed salts DS experiments conducted with DS osmotic pressure of 48 bar. The standard error for each average RSF is also provided. NaCl 5% MgCl2 10% MgCl2 5% MgSO4 10% MgSO4 5% NaACE 10% NaACE 5% NaCIT 10% NaCIT Na + and Clflux, mmol/m 2 -hr Na flux Cl flux [ 21, 37] , or adsorption of magnesium to the membrane functional groups resulting in charge shielding and steric hindrance [31] .
Magnesium chloride reverse and specific reverse solute flux
The mixed salts DSs containing MgCl 2 exhibited the lowest average RSF and specific RSF of all the DSs tested at a DS osmotic pressure of 48 bar. The mixed salts DS tested with 10% MgCl 2 with a DS having an osmotic pressure of 23 bar also performed well; although, the RSF was not as low as the mixed salts DSs tested with sodium citrate or single salt DSs (MgCl 2 , MgSO 4 , sodium acetate, and trisodium citrate) at the lower osmotic pressure. Based on the performance of MgCl 2 as a mixed salts DS, MgCl 2 was further evaluated for water flux and RSF over a range of mixed DS concentrations including 5%-OP (percent contribution of MgCl 2 to the total DS osmotic pressure), 10%-OP, 25%-OP, 50%-OP, 75%-OP, and 100%-OP of the total osmotic pressure. Water flux and RSF for MgCl 2 experiments conducted with a DS having osmotic pressures of 48 bar and 23 bar are presented in Fig. 7 . It is important to note that only one experiment was conducted with a DS having osmotic pressures of 48 bar and 23 bar (Fig. 7) over the range of mixed DS concentrations to elucidate general trends in water flux and RSF over a range of mixed MgCl 2 concentrations.
For the mixed NaCl-MgCl 2 DS having total osmotic pressure of 48 bar, water flux decreased by 22% (from 13.4 to 10.5 L/m 2 h) when transitioning from 100% NaCl DS (0% MgCl 2 ) to a 100% MgCl 2 DS (Fig. 7a) , and water flux decreased by 16% (from 10.9 to 9.2 L/m 2 h)
for DSs having total osmotic pressure of 23 bar (Fig. 7b) . Interestingly, the water flux declined by less than 6% for both mixed NaCl-MgCl 2 DS experiments between the pure NaCl DS and the 50%-OP (Fig. 7b) . For mixed NaCl-MgCl 2 DS experiments having an osmotic pressure of 48 bar (Fig. 7a) , the RSF decreased linearly from 85.3 mmol/m 2 h to 4.5 mmol/m 2 h across the full range of DS solute ratios tested. To more easily interpret the simultaneous water flux and RSF, specific RSF was calculated for MgCl 2 over the range of DS solute ratios tested at total DS osmotic pressures of 48 bar and 23 bar, as illustrated in Fig. 8 .
RSF decreased fairly linearly across the full-range of mixed salts DS at a total osmotic pressure of 48 bar, from 6.3 mmol/L (pure NaCl DS) to 0.43 mmol/L (pure MgCl 2 DS). For NaCl-MgCl 2 ratios evaluated at a total DS osmotic pressure of 23 bar, specific RSF initially declined by 15% with the addition of 5%-OP MgCl 2 and was constant up to 50%-OP MgCl 2 , then specific RSF declined abruptly at 75%-OP MgCl 2 and 100% MgCl 2 . The reason for the sharper decline in specific RSF once MgCl 2 became the major salt (75%-OP and 100% MgCl 2 ) and NaCl became the minor salt (25%-OP and 0% NaCl) at a total DS osmotic pressure of 23 bar may be a result of the lower diffusivity of NaCl with increasing molar concentrations of MgCl 2 , as has been reported by Mathew et al. [35] , or to a decreased driving force (concentration gradient) as sodium is replaced by magnesium at MgCl 2 -OP ratios above 75%.
Transport mechanism
From the limited data set it is difficult to distill an encompassing theory that predicts interactions between different ions in solution and between ions and the membrane. However, a transport mechanism can be envisioned that provides an explanation for the reduction in solute flux while the water flux is unaffected or slightly increases at low mixed DS concentrations. It is hypothesized that the ion concentration inside the pore space of the active layer differs substantially from the bulk DS concentration, which would explain the limited non-linear decrease in water flux with increasing minor ion concentration to a majority NaCl DS. If it is assumed that the RSF of individual ions is indicative of the concentration of the ion in the pore space, then the pore composition can be calculated using the measured RSF and compared to the bulk DS ion composition to determine if the composition in the active layer is more representative of a pure NaCl DS or a mixed salts DS. To elucidate the composition of the DS in the pore space compared to the bulk DS, the ratio of magnesium RSF to the total RSF was plotted against the ratio of magnesium to the total ion (sodium, chloride, and magnesium) concentration in the bulk DS as shown in Fig. 9 .
The results presented in Fig. 9 confirm that there is ion partitioning in the pore space of the active layer of the membrane compared to the bulk DS. This supports the hypothesis that the observed nonlinear decrease in water flux at increasing magnesium to total DS solute flux ratios may be in part due to non-linear increases in the magnesium pore space concentration at increasing magnesium to total DS solute flux ratios. Ion partitioning arises most likely for two reasons considering Eq. (1) . First, at low magnesium to total DS solute flux ratios the driving force for transport of the minor ion (magnesium) is much lower due to the very low concentration difference of magnesium between the DS and feed solution and hence, the RSF is much lower as well. As the ratio of magnesium to total DS solute flux ratio increases, the RSF of magnesium also increases because of the greater difference in magnesium concentration between the DS and feed solution (Fig. 9) . Second, the diffusivity of the different ions differs with the less diffusive being depleted in the pore space relative to the bulk DS. MgCl 2 has indeed a lower diffusivity than NaCl (Fig. 3) . Whether it is differences in concentration, diffusivity, or other mechanisms that are responsible for the ion partitioning in the membrane active layer, it is evident that the pore composition of the pore space increases non-linearly (Fig. 9 ) and may be responsible for the non-linear decrease in water flux (Fig. 7) at increasing magnesium to total DS solute flux ratios. At this point the non-linear evolution of the pore concentration was identified as the basis for the non-linear decrease in water flux at increasing minor ion concentrations. A tentative graphical representation illustrated in Fig. 10 and an analysis of the forces at the pore level might further increase the understanding of the mechanisms at play and elucidate some peculiarities in the results, such as the slight increase in water flux at low minor ion concentrations. Unlike pressure driven membrane processes, in FO it can be expected that the resistance to water transport inside the membrane is not only governed by the membrane itself (A, S value in Eq. (2)) but also by the RSF, and hence the ion composition inside the pore space. This is also confirmed by Eq. (2) that predicts a lower water flux with increased RSF (higher B value). Conversely, if the RSF is reduced without increasing resistance to water transport, the water flux should increase. Indeed, the water flux seems to be systematically higher for the mixed solutions at lower concentrations (Figs. 2 and 7) .
From Fig. 10 it can be envisioned that the ion partitioning in the pores of the membrane active layer will affect water and ion transport. In the case of a pure NaCl DS, sodium and chloride diffuse rapidly through the pore because of the high diffusivity and smaller hydrated radius of the ions; however, due to the smaller size of the ions in the pore, water traveling in the opposite direction of the ions is not restricted. For a pure MgCl 2 DS, chloride flux is limited to maintain electroneutrality with the slower diffusing magnesium ions; however, the large hydrated radius of magnesium limits water transport in the opposite direction because the pore is essentially blocked with magnesium ions. In the case of a mixed salts DS, the magnesium ions travel at a much lower velocity than sodium and chloride ions due to lower diffusivity and lower driving force, retarding the transport of NaCl because of steric hindrances, ion shielding, and electrostatic interactions. However, water molecules will experience no, or only a very slight increased, resistance to transport in the other direction compared to a pure MgCl 2 solution. As such, the reverse sodium and chloride flux is reduced and water flux is maintained or slightly increased when small concentrations of slowly diffusing ions are added to a majority NaCl DS.
Conclusions
The results from this study demonstrate that addition of salts having divalent and organic ions at relatively low concentrations, and particularly MgCl 2 , to an NaCl DS can be effective in reducing RSF while maintaining high water flux. There was a positive effect (lower RSF) with all mixed salts DSs tested with DSs having an osmotic pressure of 48 bar and 23 bar but the mixed salts DS containing 10% MgCl 2 at an osmotic pressure equivalent to 48 bar was the only mixed salts DS that had a statistically significant lower RSF compared to a pure NaCl DS. This is not to state that the other mixed salts DSs are not effective; however, additional research would be required to determine statistical significance. The RSF was not only reduced when MgCl 2 was added to a majority NaCl DS but the water flux also increased slightly at the lowest concentrations of MgCl 2 added to an NaCl DS. It is hypothesized that the composition of the mixed salts DS in the pore space of the active layer of the membrane closely resembles that of a pure NaCl DS combined with very low concentrations of magnesium. Although there is a small amount of magnesium in the pore space, the low diffusivity of magnesium prevents sodium and chloride from diffusing through the pore at a high rate. It is also important to note that there is a low concentration of magnesium in the pore because it does not limit water from diffusing through the pore in the opposite direction of the RSF as is the case when high concentrations of MgCl 2 are used in the DS. This manuscript illustrates the potential for mixed DSs to enhance FO for closed loop operations by selecting the appropriate combination of solutes.
